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In terrestrial planets, the transition from a stagnant lid regime to the present mode 
dominated by plate forces necessitates the initiation of subduction zones. Initiation of 
Cenozoic subduction zones in the oceanic domain is marked by a distinct volcanic sequence 
that reflects progressive depletion of the mantle wedge source and addition of diverse slab-
derived components. This study provides field, petrologic and geochemical evidence for 
oceanic accretion and juvenile arc magmatism along the western margin of the Philippine 
Sea Plate as recorded by the Coto (45 Ma) and Acoje (44-43 Ma) volcanic sections of the 
Zambales ophiolite (Luzon island, Philippines). 
We report the  discovery of low-calcium, high-silica boninite in Zambales ophiolite. 
Olivine–orthopyroxene microphyric high-silica boninite, olivine–clinopyroxene–phyric 
low-silica boninite and boninitic basalt occur as lapilli fall deposits and pillow flows in the 
upper volcanic unit of the juvenile arc section (Barlo locality, Acoje Block) of Zambales 
ophiolite. This upper volcanic unit in turn overlies a lower volcanic unit consisting of basaltic 
andesite, andesite to dacitic lavas and explosive eruptives (subaqueous pahoehoe and 
lobate sheet flows, agglutinate, and spatter deposits) forming a low-silica boninite series. 
The overall volcanic stratigraphy of the extrusive sequence at Barlo resembles Holes U1439 
and U1442 drilled by IODP Expedition 352 in the Izu-Ogasawara (Bonin) trench slope. 
Zambales boninite and boninite series volcanics are marked low trace element abundances 
relative to mid ocean ridge basalt (MORB) with fluid mobile element enrichment and heavy 
rare earth element (HREE) depletion comparable with boninite from Troodos and Oman. 
Trace element ratios suggest that aqueous fluids are the dominant slab components in 
Zambales boninite. A low-silica boninite primary magma composition is determined which 
yield pressure-temperatures estimates (1243° C, 0.34 GPa) indicative of shallow sub-arc 
melting. Based on middle and heavy rare earth element (REE) abundances, primary 
Zambales LSB magma can be modelled as second-stage melts of a mantle source that 
previously underwent 8% anhydrous fractional melting. 
Basaltic andesite and gabbroic dikes of the Coto Block have primitive mantle-
normalized immobile element abundances that are more depleted than MORB and 
depleted back-arc basin basalts (BABB) with Ti/V ratios (17-21) that overlap with proto-arc 
basalts (or forearc basalt) from IODP Expeditions 352 and 351. Volcanic sections of the 
Zambales ophiolite likewise show decreasing Ti/V ratios from Coto Block dikes to Acoje 
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Block boninite; indicating increasingly oxidized sub-arc environment that is interpreted to 
be the result of progressive source oxidation by slab-derived fluids. 
The presence of protoarc basalts in Coto Block (45 Ma), boninite and boninite series 
volcanics in Barlo, Acoje Block (44 Ma) and simultaneous and post-boninite moderate-Fe 
arc tholeiites in Sual and Subic, Acoje Block (44-43 Ma) demonstrate that the observed 
subduction initiation stratigraphy in the Izu-Ogasawara-Mariana forearc is present in 
Zambales ophiolite as well. Paleolatitudes derived from tilt-corrected sites in the Acoje 
Block place the juvenile arc of northern Zambales ophiolite in the western margin of the 
Philippine Sea Plate (PSP). In this scenario, the origin of Philippine Sea Plate proto-arc 
basalts and boninites (IBM and Zambales) would be in a doubly-vergent subduction 
initiation setting. A doubly vergent subduction initiation (SI) geometry based on the 
Zambales ophiolite provides another boundary condition for refined geodynamic models 
of incipient subduction along PSP margins. Placed in its proper geodynamic context, 
Zambales ophiolite can address scientific objectives of several IODP drilling proposals in the 




Plate tectonics posits that the Earth’s surface forms part of a dynamic thin outer shell 
(lithosphere) that moves rigidly and coherently. When two plates meet, density difference 
causes one to descend beneath the other forming a subduction zone. As the surface 
manifestation of a convecting mantle, subduction zones play a fundamental role in material 
transfer from the surface to the deep interior and vice versa. Water, carbon dioxide and 
volatiles trapped in the hydrated oceanic crust are introduced to the mantle in subduction 
zones. The breakdown of hydrous minerals in the subducting slab promotes mantle 
melting; producing magmas that are recycled back to the surface during volcanic eruptions 
(Tatsumi & Eggins, 1995). Volcanism reflects asthenospheric upwelling, and together with 
surface deformation and impact crater density are criteria used to infer the tectonic activity 
and the presence of internal convection in planetary bodies (Cattermole, 1989).  
1.1 The first subduction zones 
 
In a survey of the 30 largest “planetoids” (referring to planets, asteroids and satellites), 
Stern et al. (2018) notes that only 9 are tectonically active. These include 3 terrestrial planets 
(Earth, Venus and Mars), 4 satellites (Io, Ganymede Enceladus, Titan) and 2 medium-sized 
icy bodies (Triton and Pluto). That is plate tectonics is uncommon and that stagnant lid 
tectonics is the dominant style of heat loss in planetary bodies. In a stagnant lid regime, a 
planetary body can lose heat in a variety of ways; thru heat pipe magmatism (Io), drips & 
plumes (Venus), and delamination & upwelling (Mars). These mechanisms reflect 
progressive phases coincident with cooling and thickening of the lid lithosphere leading to 
a terminal stagnant lid stage with ultra-stable and -thick lithosphere exemplified by the 
Moon and Mercury. Since Earth is the only tectonically active planetoid with plate tectonics 
sensu stricto (Stern et al., 2018); there must be a point early in Earth’s history when the 
stagnant lid regime transitioned into the present mode dominated by plate forces. This 
necessitates the initiation of the first subduction zones. Numerical models show that plate 
tectonics or mantle overturn in terrestrial planets can be triggered by narrow plumes 
impinging on weakened crust inducing gravitational instability and slab descent (Crameri 
& Tackley, 2016; Gerya et al., 2015). The presence of coronae with arcuate trenches in Venus 
is regarded as an observational evidence for plume-induced subduction initiation (Davaille 
et al., 2017). Internally driven mechanisms such as plume-induced subduction initiation, 
	 4 
however, are distinct from end-member models of Cenozoic subduction initiation which 
rely on pre-existing zones of weakness such as fracture zones and transform faults (induced 
subduction initiation) or require lithospheric collapse (spontaneous subduction initiation) 
(Stern, 2004). In an updated review, Stern & Gerya (2017) includes plume head margin 
collapse as a spontaneous SI subtype. This addition is based on the temporal association of 
several mantle plume pulses, including the Late Cretaceous Caribbean Large Igneous 
Province (CLIP), and succeeding arc volcanism with oppositely-dipping slab polarities 
(Whattam & Stern, 2015).  The 3-D thermo-mechanical models of plume-induced 
subduction initiation (PISI) by Baes et al. (2016) show that plume head size and significant 
age difference (> 10 Ma) between the subducting slab and overriding plate  are needed for 
sustained PISI. More importantly, this work demonstrates that PISI can both operate in 
Precambrian Earth with higher upper mantle temperatures, and in modern settings (e.g 
Cretaceous Carribean SI). 
1.2 Eocene Western Pacific intra-oceanic subduction initiation 
 
Although nearly half of subduction zones are young (< 60 Ma, i.e. initiated during the 
Cenozoic) (Gurnis et al., 2004), their inception in the oceanic domain is one fundamental 
issue yet to be fully deciphered. Thus, it is regarded as a high priority scientific target 
(Challenge No. 11) of the International Ocean Discovery Program (IODP) for 2013 to 2023. 
Understanding this volcanic and tectonic process is hampered by its transient nature, with 
few examples in the geologic record including submarine active and paleo-forearcs and 
onshore supra-subduction ophiolites. In testing subduction initiation models, the 
Izu-Ogasawara (Bonin)-Mariana (IBM) forearc region remains as one of the most 
appropriate locality; this is due to its temporally distinct volcanic record of oceanic accretion 
and juvenile arc magmatism immediately following the onset of subduction. After the 
subduction of Pacific Plate beneath the Philippine Sea Plate commenced at 52 Ma, 
magmatism progressed from 52-48 Ma mid-ocean ridge basalt (MORB)-like proto-arc 
basalts (or forearc basalts) to 48-44 Ma boninite and boninite-series volcanics followed by 
45-35 Ma arc tholeiites and calc-alkaline lavas (Ishizuka et al., 2011; Kanayama et al., 2012; 
Reagan et al., 2010). The widespread occurrence of subduction initiation rock suites along 
the eastern margin of the Philippine Sea Plate is summarized in Fig.1a. Basalts of similar 
composition and age range to proto-arc basalts dredged along the Mariana and Bonin 
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trench slopes were found at IODP Expedition 351 Site U1438 in the Amami Sankaku Basin 
(Arculus et al., 2015; Ishizuka et al., 2018). This indicates that the Oligocene Kyushu-Palau 
Ridge (KPR) intra-oceanic arc is built upon an igneous basement that formed part of the 
earliest seafloor spreading event related to subduction initiation. The subsequent late 
Oligocene opening of the Shikoku-Parece Vela Basin resulted in its present configuration 
with Site U1438 in the back-arc side of KPR. Based on dredging and dive observations in the 
forearc trench slope, proto-arc basalts are found at deeper depths relative to boninites 
which occur upslope and subaerially at Chichijima (type locality) and Mukojima island 
groups (Ishizuka et al., 2011; Kanayama et al., 2012; Umino & Nakano, 2007). The hypothesis 
that proto-arc basalt lies stratigraphically below boninite has been verified by IODP 
Expedition 352 based on four sites drilled in the trench-side slope of the Bonin Ridge 
(Reagan et al., 2015). Both spontaneous and induced initiation have been replicated in 
numerical models of incipient subduction at the IBM. Earlier models with imposed plate 
velocities generally focused on initiation across a preexisting weak zone, and combined 
with melting models could reproduce the observed proto-arc basalt–boninite stratigraphy 
(Hall et al., 2003; Leng et al., 2012). Subsequently, spontaneous subduction initiation has 
been shown to be plausible; with compositional density contrast being provided by the 
thickened middle crust of relic Cretaceous arc terranes (Leng & Gurnis, 2015). So far, neither 
spontaneous nor induced subduction initiation models can unequivocally be attributed to 
the incipient subduction that produced the IBM forearc and the mechanism remains elusive 
(Keenan & Encarnación, 2016).   
1.3 Motivation and objective 
 
Here an alternative approach to exploring subduction initiation processes in the 
Western Pacific region is presented. Following Stern et al. (2012), this study focuses on the 
middle Eocene Zambales ophiolite in the Philippines as an archetype supra-subduction 
ophiolite of the region (Dilek & Furnes, 2011), offering a ~3,200 km2 exposure of Eocene 
supra-subduction oceanic lithosphere. Most of the Jurassic to Cretaceous ophiolites that 
form basement complexes in eastern Philippines are increasingly recognized as 
complementary features to Cretaceous terranes in the northern Philippine Sea Plate (e.g. 
Amami Plateau, Daito Ridge) possibly sharing a common history as the overriding plate 
prior to initiation of subduction (Deschamps & Lallemand, 2002; Lallemand, 2016) (Fig.1a). 
Therefore, juxtaposed Eocene ophiolites are potential targets to investigate subduction 
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initiation as a plate-scale process. Regional tectonic reconstructions predict the interaction 
of a pre-Eocene ocean basin located east of Eurasia and the western margin of the 
Philippine Sea Plate (Wu et al., 2016; Zahirovic et al., 2014).  
Coincidentally, aside from the IBM forearc region, the Dasol-Barlo locality in northern 
Zambales ophiolite is where middle Eocene boninitic rocks are also reported (Evans et al., 
1991; Florendo & Hawkins, 1992; Hawkins, 2003; Hawkins & Evans, 1983). The first 
unambiguous report of boninite (low-Ca type) occurrence in the Barlo locality is given 
Florendo & Hawkins (1992). Light rare earth element (LREE) depleted chondrite-normalized 
REE patterns of  Dasol-Sual boninites are shown in Hawkins (2003). In both studies, 
petrological characteristics of said boninites are meagerly discussed and neither 
geochemical data nor sampling localities are given. The significance of Zambales ophiolite 
in addressing the early arc history of the Philippine Sea Plate has been recognized since the 
early 1990s (Pearce et al., 1992; Stern & Bloomer, 1992) yet this connection remains 
unexplored. Pearce et al. (1992) explicitly states that “Acoje Block represents early 
subduction magmatism and maybe the best analogue for the Izu-Bonin outer arc high; 
while the Coto Block which probably formed in a proto-forearc setting as suggested Geary 
et al. (1989) is a possible candidate for crust created before or at the start of subduction”.  
Motivated by how the ophiolite concept progressed through studies of the IBM 
forearc (e.g. Ishizuka et al., 2014), this study aims to test the “subduction initiation rule” 
(Whattam & Stern, 2011) in the volcanic sections of the Zambales ophiolite and to evaluate 
subduction initiation and boninite petrogenesis in a regional geodynamic context. These 
objectives are addressed through (1) geochemical study of spreading-stage dikes in the 
Coto Block and (2) field, petrologic, and geochemical characterization of a juvenile arc 
section in the Acoje Block. 
2. Geologic background 
 
Located in western Luzon, the structurally coherent Zambales ophiolite is the largest 
fossil oceanic lithosphere in the Philippines (Fig. 1b). The ophiolite spans the entire 
Zambales mountain range from 16° N to 14.7° N where it partly underlies stratovolcanoes 
of the Luzon Arc including Mt. Pinatubo. It consists of three structurally bounded massifs, 
namely Masinloc, Cabangan and San Antonio, which each preserve complete ophiolite 
internal stratigraphy. The ophiolite is flanked by the Central Valley Basin (CVB) to the east 
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and West Luzon Basin to the west. Late Eocene to late Miocene Aksitero and Moriones 
Formations of the CVB record the transition from a hemipelagic, deep marine setting to 
shallower environment dominated by ophiolite-derived sedimentation signaling the uplift 
of the ophiolite. While sedimentary sequences west of the ophiolite, Cabaluan and Sta. Cruz 
Formations, indicate that large-scale uplift, transport from equatorial positions and terrane 
docking have transpired by the Pliocene (Fuller et al., 1989; Karig et al., 1986; Pubellier et al., 
2004; Schweller et al., 1984). The identity of what Zambales ophiolite “docked with” is still 
unknown. Sporadic chert slivers with late Jurassic-early Cretaceous radiolarian fauna are 
found in the westernmost margin of the ophiolite (Queaño et al., 2017a). Radiolarian 
bearing-cherts with similar age range are associated with disrupted ophiolitic fragments in 
northern Luzon; this highlights the existence of a shear zone (West Luzon shear zone) west 
of the ophiolite (Karig, 1983; Queaño et al., 2017b). The Zambales ophiolite is probably 
docked with the composite of the following— (1) fragments an ocean basin that predates 
the South China Sea (prior to 2016 there is consensus that this fully consumed ocean basin 
is the proto-South China Sea), the vestiges of which are the Mesozoic cherts in the West 
Luzon Shear Zone and (2) northern extension of the Palawan microcontinental block. Based 
on the presence of distinct bottom-simulating reflectors, Arfai et al. (2011) speculates that 
West Luzon Basin west of Zambales ophiolite is partly underlain by continental basement. 
Petrologic, geochemical and isotopic studies reveal that Zambales ophiolite represents 
two distinct mantle-crust sequences – the 45.1 Ma Coto Block with transitional MORB 
affinity and 44.2-43.7 Ma Acoje Block with island arc characteristics (Encarnación et al., 
1999; Encarnación et al., 1993; Geary et al., 1989; Hawkins & Evans, 1983; Yumul, 1990).  The 
existence of a NNE-SSW trending structural boundary previously characterized by Hawkins 
and Evans (1983) as a left-lateral fault between Acoje and Coto Blocks within the Masinloc 
massif is supported by gravity and magnetic data with anomaly contrasts which extend at 
depth (Salapare et al., 2015). Although the juvenile arc character of Acoje Block and the 
supra-subduction origin of Zambales ophiolite are clear, the crustal nature and tectonic 
environment of Acoje and Coto blocks remain unresolved. Acoje Block as defined by Yumul 
et al. (1990) consists of the northern Masinloc massif and the San Antonio massif while the 
Coto Block consists of the southern Masinloc massif and the Cabangan massif (Fig. 1b). The 
present disposition of Acoje Block is postulated to be the result of southward translation of 
San Antonio massif with respect to northern Masinloc massif (Yumul et al., 1998). Crustal 
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thickness estimates, based on SW-NE transects of the northern Masinloc massif, are up to 
9.5 km for the mantle section and 7 km for the lower crustal section. The fertile to 
moderately depleted Acoje mantle section is comprised of harzburgite and lherzolite with 
spinel Cr# [Cr/(Cr+Al)] ranging from 0.18 to 0.56, generally increasing towards the 
mantle-crust transition zone. Harzburgites from the uppermost mantle section are strongly 
depleted in light and middle rare earth elements (LREEs and MREEs) with equilibration 
temperature and oxygen fugacity estimates of 730° C and 1.9 Dlog(fO2) units above the FMQ 
buffer, respectively (Evans & Hawkins, 1989; Tamayo, 2001; Yumul, 1989). From the residual 
mantle section, the mantle-crust transition zone passes through interlayered ultramafic 
cumulates and dunite to layered cumulate gabbronorite. The Acoje transition zone hosts 
podiform chromite deposits (Cr# = 0.71-0.77) and Ni-Cu sulfides both of which are PGE-
bearing (Bacuta et al., 1990). Refractory transition zone dunites, characterized by spinel Cr# 
greater than 0.6, are interpreted to be of cumulate origin (Abrajano et al., 1989). The Acoje 
Block lower crustal section is dominated by cumulate gabbronorites with 
olivine-clinopyroxene-orthopyroxene-plagioclase crystallization sequence. Coexisting 
plagioclase and clinopyroxene in gabbronorite are calcic (anorthite content [Ca/(Ca+Na+K)] 
= 89-94) and magnesian (Mg# [Mg/(Mg+Fe)] = 0.80-0.87). In addition to petrological 
criteria discussed above, the arc affinity of Acoje Block has been demonstrated using 
immobile element-based geochemical fingerprinting of volcanic and hypabyssal rocks, as 
well as constituent clinopyroxene (Yumul, 1996). On a regional scale, the ophiolite appears 
to have a domal structure with a north-south trending axis. The volcanic section of Acoje 
Block in the northern Masinloc massif dips northwest and is unconformably overlain by 
middle to late Miocene sedimentary sequences. 
3. Volcanic geology 
 
Based on observations around the Barlo massive sulfide mine, two volcanic units with 
distinct lithofacies are distinguished in the Acoje Block extrusive sequence—a dominantly 
pyroclastic lower basaltic andesite-andesite unit overlain by an upper boninite unit with 
minor boninitic basalts. Here and in the succeeding sections, we use the term boninite as 
per the recommended IUGS criterion (Le Maitre, 2002). Pillow lavas that qualify as boninite 
based on MgO and TiO2 contents but with less than 52 wt% SiO2 are classified as boninitic 
basalts, equivalent to the “basaltic boninite” of Reagan et al. (2015). Structural 
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measurements of bedding planes in 136 locations constrain the gross structure of the 
crustal sequence, consisting of a NE-SW trending doubly-plunging anticline forming a 
dome structure and NW-plunging anticline (Fig. 2). Estimated thickness of the upper unit 
and lower volcanic units are 680 and 520 meters, respectively. Structural data, field 
observations, and locality coordinates are summarized in Appendix 1. 
South of Barlo mine, boninite dike swarms with conjugate intrusive directions change 
into a succession of submarine explosive volcanic deposits. In order of ascending 
stratigraphic level, the lower basaltic andesite-andesite unit consists of tuff breccia with 
block-sized pyroclasts (Fig. 3j), subaqueous pahoehoe lava flows with ropy wrinkles and 
stretched vesicles on lobe crust (Umino et al., 2002; Umino et al., 2000) (Fig. 3i), moderately 
welded agglutinate, welded scoria and spatter deposits marginal to a NW-SE trending 
fissure vent, and an uppermost fall-out deposit of glassy lapilli tuff (Fig. 3h). In places, tuff 
breccia is cut by NE-dipping boninite dikes. The dominant occurrence of flat pahoehoe 
lobes suggest the pre-existence of subhorizontal topography (Umino et al., 2002). The 
volcanic facies recognized in the upper section of the lower volcanic unit (agglutinate, 
scoria and spatter deposits surrounding fissure vent) are characteristic of intermittent 
submarine Strombolian to Hawaiian fire fountaining (Head & Wilson, 2003).  
NW-dipping boninite tuff breccia and pillow lavas of the upper unit (Figs. 3b, c) overlie 
hyaloclastite (Fig. 3d), spatter deposits and pillow lavas (Fig. 3e) of the lower basaltic 
andesite-andesite unit at an exposure north of Mt. Sol. A dacite sill directly above glassy 
dacite pillow lavas in the lower unit has a presumed whole-rock K-Ar age of 44.1 ± 3.0 Ma 
(Fuller et al., 1989). Pillow lavas of the upper and lower unit show distinct morphological 
features based on vertical (V) and horizontal (H) axes measurements after the method of 
Walker (1992) (Fig. 4).  Pillow lavas of the lower unit (Fig. 3e) are marked by lower aspect 
ratios (n=92, median H=0.53 m, median V=0.34 m) compared to boninitic basalts of the 
upper unit (Fig. 3f) which are elongate (n=15, median H=0.74 m, median V=0.32 m). SW of 
Barlo mine, NE-dipping pillow lavas of the upper unit (Fig. 3f) are overlain by middle-late 
Eocene radiolarian-bearing claystone (Schweller et al., 1984). Further southwest in a 
synclinal area with upright structures preserved, a ~30 meter-high boninite pillow volcano 
is recognized (Fig. 3g). It consists of flattened flow lobes in the summit with pillow lavas 
dipping downslope along its flanks. This volcanic construct is one of several discrete 
boninitic volcanic edifices rising above the lower unit. Elsewhere, these pillow lavas are cut 
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by SW-dipping dikes with glassy margins and overlain by glassy boninite lapilli tuff fall 
deposit (Fig. 3a). 
4. Sampling and analytical methods 
4.1 Acoje Block (Barlo) whole-rock dataset 
 
A total of 152 samples were collected during the 2016 mapping campaign. For this 
study, a subset of 44 samples located along NW–SE transects of the Acoje Block volcanic 
sequence at Barlo were selected for whole-rock geochemical analyses and screened 
through visual and microscopic assessment of secondary alteration. The location of samples 
is shown in the geologic map in Fig. 2. Rock slabs were cut to remove altered surfaces. 
Initially, slabs were crushed coarsely to manually separate low temperature secondary 
minerals such as quartz and calcite. The coarse crushing step was followed by rinsing with 
deionized water and drying in an oven at 110 °C for at least 12 hours. An iron mortar and an 
agate mill were used for fine crushing and grinding, respectively. Ignition loss is taken as 
the normalized lost weight after ignition of ground rock powder at 900 °C for four hours. 
Major element compositions were determined by X-ray fluorescence (XRF) spectrometry 
using a PANanalytical Axios spectrometer at the Geological Survey of Japan. Glass beads 
were fused using a Tokyo Kagaku bead sampler (TK-4500) at a 1:10 dilution ratio as mixtures 
of 0.5 g (±0.0002) rock powder and 5 g (±0.001) lithium tetraborate alkali flux (Li2B4O7, Merck 
Spectromelt A10). Precision, measured as percent relative standard deviation (%RSD), was 
also better than 2% based on repeated measurements of JB-2, BIR-1 and BHVO-2; accuracy 
is better than 2%. Trace element (REE, V, Cr, Ni, Li, Be, Rb, Sr, Y, Zr, Nb, Cs, Ba, Hf, Ta, Pb, Th 
and U) concentrations were determined by inductively coupled plasma mass spectrometry 
(ICP-MS) using an Agilent 7900 instrument also located at GSJ/AIST. Samples were digested 
for at least 48 hours on a hotplate using screw top Teflon beakers with a mixture of HF and 
HNO3 at 5:1 ratio. Dissolution procedures were performed in a Class 1000 clean laboratory. 
12 international standards (BIR-1, BRR-1, JB-2, JB-3, JA-1, JGb-1, JA-2, BCR-1, AGV-1, JB-1a, 
BHVO-2 and BE-N-1) were used to construct calibration lines. JB-2 and JB-3 solutions at 
similar dilution levels were used as external standards. Reproducibility is better than 2 % for 
REEs and better than 3 % for the rest of the trace elements except for Ta (6.5 %) and Be (3.6 
%). Mean percent error is generally within 5 to 10 % relative to the preferred values of 
Jochum et al. (2016) and Dulski (2001).  

